Pseudomonas chlororaphis PCL1606 synthesizes the antifungal antibiotic 2-hexyl, 5-propyl resorcinol (HPR), which is crucial for the biocontrol of fungal soil-borne pathogens. The genetic basis for HPR production lies in the dar genes, which are directly involved in the biosynthesis of HPR. In the present study, we elucidated the genetic features of the dar genes. Reverse transcription PCR experiments revealed an independent organization of the dar genes, except for darBC, which was transcribed as a polycistronic mRNA. In silico analysis of each gene revealed putative promoters and terminator sequences, validating the proposed gene arrangement. Moreover, experiments utilizing 59 rapid amplification of cDNA ends were used to determine the transcriptional initiation sites for the darA, darBC, darS and darR gene promoters, and subsequently to confirm the functionality of these regions. The results of quantitative real-time PCR experiments indicated that biosynthetic dar genes were not only modulated through the global regulator gacS, but also through darS and darR. The interplay between darS and darR revealed transcriptional cross-inhibition. However, these results also showed that other regulatory parameters play a role in HPR production, such as the environmental conditions and additional regulatory genes.
INTRODUCTION
Pseudomonas chlororaphis PCL1606, isolated from the rhizospheres of healthy avocado trees, has been used in previous studies as an antagonist bacterial strain against different soilborne phytopathogenic fungi, including Rosellinia necatrix, the causal agent of avocado white root rot, and Fusarium oxysporum f. sp. radicis-lycopersici, the causal agent of tomato crown and foot rot (Cazorla et al., 2006) . The antifungal antibiotic 2-hexyl, 5-propyl resorcinol (HPR) is a major factor in the antagonistic phenotype of this rhizobacterium (Cazorla et al., 2006) , and recent studies have demonstrated a crucial role for this antibiotic in the biocontrol of R. necatrix and F. oxysporum (Calderó n et al., 2013; González-Sánchez et al., 2010) .
HPR was first detected in an unidentified Pseudomonas sp., and exhibited moderate antifungal and antibacterial properties . The genetic basis for HPR production was first examined in P. chlororaphis subsp. auranthiaca BL915. In this strain, the genes responsible for HPR production are located in a cluster containing three presumptive biosynthetic genes (darA, darB and darC), followed by two independent sequences homologous to the regulatory genes from the AraC/XylS family (darS and darR; Nowak- Thompson et al., 2003) . This dar cluster has recently been identified in P. chlororaphis PCL1606 (Calderó n et al., 2013) . The construction of insertion mutants for each homologous dar gene in P. chlororaphis PCL1606 and the corresponding complementary derivative strains restoring HPR production revealed a key role for darA and darB genes in both HPR biosynthesis and the antagonistic phenotype (Calderó n et al., 2013) . A minor role in HPR biosynthesis has been proposed for darC, as derivative mutants in this gene still synthesize HPR (Calderó n et al., 2013) . However, the other dar genes (darS and darR) were not directly involved in the biosynthesis of HPR. BLAST searches for the putative proteins encoded by these two ORFs suggested that these proteins have a high identity to putative transcriptional regulators (Calderó n et al., 2013) belonging to the AraC/XylS family of transcriptional regulators, primarily comprising positive, negative and positive/negative regulators (Gallegos et al., 1997) .
The aim of the present study was to analyse the genes belonging to the dar cluster in P. chlororaphis PCL1606 to better understand the genetic relevance and functionality of these genes in HPR production, and assign a regulatory role to the darS and darR genes.
METHODS
Bacterial strains and culture conditions. WT and derivative mutant strains from P. chlororaphis PCL1606 (Table 1) were grown on tryptone-peptone-glycerol (TPG, Calderó n et al., 2013) and M9 minimal media (Rainey, 1999) at 25 uC. Escherichia coli strain DH5a was used as a host for the plasmid construction experiments (the constructed plasmids are listed in Table 1 ) and grown on LB medium (Bertani, 1951) at 37 uC. For bacterial and plasmid selection, antibiotics were added to the medium: 50 mg kanamycin ml 21 , 100 mg ampicillin ml 21 or 20 mg tetracycline ml 21 . The bacterial strains were stored at -80 uC in LB containing 10 % (v/v) DMSO.
The fungal strain F. oxysporum f. sp. radicis-lycopersici ZUM2407 (Table 1 ) was grown at 25 uC on potato dextrose agar (PDA; Difco). The F. oxysporum strain was stored on potato glucose broth (PDB; Difco) in 10 % (v/v) glycerol at -80 uC.
Reverse transcription (RT)-PCR analysis. To identify the independent transcriptional units in the P. chlororaphis PCL1606 dar gene cluster, RT-PCR experiments were performed. The primers used for the RT-PCR experiments (Table S1 , available in the online Supplementary Material) were designed with Primer3 online software (http://simgene.com/Primer3), using the genomic sequences located between and within each dar gene of P. chlororaphis as a template (GenBank accession number JQ663992; Calderó n et al., 2013). Positive control PCR on DNA from the WT strain was included. DNA and RNA were isolated from WT P. chlororaphis PCL1606 grown for 24 h at 25 uC in M9 medium supplemented with glucose (final concentration 28 mM). Genomic DNA was extracted using a Genomic DNA Purification JETFLEX kit (Genomed). RNA was isolated from frozen bacterial cells using TRIzol reagent (Invitrogen), followed by DNase I (GE Healthcare) treatment. The RNA concentration was determined using a NanoDrop ND-1000 (Thermo Scientific). The integrity of the RNA sample was assessed using agarose gel electrophoresis and subsequently used for RT-PCR experiments. RT-PCR was performed using a Titan One Tube RT-PCR system with 100 ng RNA in a final reaction volume of 50 ml according to the manufacturer's instructions (Roche). The RT reaction was performed at 50 uC for 40 min, followed by PCR amplification using a 40-cycle amplification programme (94 uC for 30 s, 58 uC for 1 min and 68 uC for 1 min) and a final extension cycle at 68 uC for 7 min.
Phylogenetic analysis of darS/darR genes. The phylogenetic analysis of P. chlororaphis PCL1606 DarS and DarR proteins was performed using a multilocus sequence analysis of concatenated alignments of AraC/XylS and PfpI transcriptional regulatory proteins. Multiple alignments were performed using CLUSTAL W (Larkin et al., 2007) and a phylogenetic tree was reconstructed using the neighbourjoining method (Saitou & Nei, 1987) . The percentage of replicate trees in which the associated taxa were clustered in the bootstrap test (1000 replicates) was shown next to the branches (Felsenstein, 1985) . All positions containing gaps and missing data were eliminated from the dataset (complete deletion option). The concatenated sequences of the transcriptional regulator genes generated an alignment with 800 nt. The phylogenetic analyses were conducted using MEGA5 software (Tamura et al., 2011) .
Sequence data analysis. An in silico analysis was performed using previously obtained genomic sequences from the dar genes in P. chlororaphis PCL1606 (GenBank accession number JQ663992; Calderó n et al., 2013). Database searches for putative promoters, transcriptional factors and terminators predicted in the dar gene cluster were performed using the SoftBerry online tools (BPROM and FindTerm software; http://www.softberry.com). The core motifs AAGG, AGGA and AGGC were used to identify Shine-Dalgarno (SD) sequences as described previously (Ma et al., 2002) . Potential lux box sequences upstream of each promoter sequence were identified using previously identified lux box sequences (El-Sayed et al., 2001) . DNA sequence-specific AraC DNA-binding proteins were manually identified based on previously described sequences (Robison et al., 1998) .
In addition, putative functions were assigned to the darS and darR genes using the National Center for Biotechnology Information database. BLAST algorithms (Altschul et al., 1990) were used to determine sequence similarities and analyse conserved domains. Protein tools from the European Molecular Biology LaboratoryEuropean Bioinformatics Institute and the Pfam database were also used. Moreover, the RegTransBase database was also searched to confirm the putative homology of darS and darR genes to known regulatory genes (Kazakov et al., 2007; Cipriano et al., 2013) .
Mapping the transcriptional initiation point. The transcription start point (+) for each transcriptional group in the dar gene cluster was determined using the 59 rapid amplification of cDNA ends (RACE) method (Carrió n et al., 2012; Filiatrault et al., 2010; Maruyama et al., 1995) . The synthesis of single-stranded cDNA was performed using total DNA-free RNA obtained from a P. chlororaphis PCL1606 culture growing in TPG medium for 24 h at 25 uC as described previously. This RNA (1 mg) was used as a template to synthesize first-strand cDNA using a cDNA synthesis kit (SMART RACE cDNA Amplification kit; Clontech) and gene-specific oligonucleotide primers (Table S2 ). The reactions were performed for 90 min at 42 uC. Subsequently, the reactions were diluted 10-fold in water and 1 ml of these dilutions was used in a 20 ml PCR, performed for 30 s at 94 uC, 30 s at 68 uC and 3 min at 72 uC. The amplification products were assessed using agarose gel electrophoresis and cloned into the pGEM-T Easy Vector (Promega), followed by sequencing.
Functionality of different dar promoters. To examine the activity of putative promoters, the DNA fragments previously detected in the genomic sequence of P. chlororaphis PCL1606 were obtained through PCR amplification (Table S1 ) and cloned into the plasmid pMP220 immediately upstream of the promoterless b-galactosidase gene as a marker for promoter activities (Spaink et al., 1987) . The amplicons were cloned into pMP220 using the restriction enzymes EcoRI and PstI, generating four different plasmids (pMP-P A , pMP-P BC , pMP-P S and pMP-P R ; Table 1 ). The resulting plasmids were transformed into P. chlororaphis PCL1606 using standard electroporation (Choi et al., 2006) and b-galactosidase assays were performed using a previously described protocol with minor changes (Miller, 1972) . Briefly, an overnight culture (5 ml) of P. chlororaphis PCL1606 transformed with each resulting plasmid was grown at 25 uC in TPG medium to OD 600 0.8 (~10 8 c.f.u. ml 21 ) and 1 ml of this bacterial suspension was used to inoculate 100 ml TPG medium. This culture was incubated at 25 uC with shaking and samples were collected every 2-6 h until 24 h of growth. The cells were harvested and suspended in assay buffer to eliminate errors in the detection of b-galactosidase enzyme activity due to the effects of different carbon sources present in the growth medium. To eliminate read-through activity from other promoters on pMP220, bacteria carrying the empty plasmid were used as a negative control. The results represent three independent experiments conducted in triplicate.
Estimation of HPR production. The production of HPR was estimated using a fungal inhibition test based on the antagonistic activity of HPR extractions from P. chlororaphis PCL1606 cultures against the pathogenic fungus F. oxysporum. The time course for HPR production was profiled using HPR extracted from WT TPG cultures grown at 25 uC. To obtain the initial inoculum, an overnight culture of P. chlororaphis PCL1606 (5 ml at 25 uC in TPG medium) was adjusted to OD 600 0.8 (~10 8 c.f.u. ml 21 ). Approximately 1 ml of this bacterial suspension was used to inoculate 200 ml TPG medium and incubated at 25 uC under orbital shaking (150 r.p.m.). Bacterial cell counts were performed from 0 to 30 h after incubation. In addition, 10 ml aliquots of the cell-free supernatants were collected, and the organic phase was extracted using chloroform/methanol (2 : 1, v/v), as described previously (Cazorla et al., 2006) . After evaporation, the dried residue was resuspended in 100 ml acetonitrile and 20 ml of the extracted material was fractionated at different times in toluene through TLC using silica RP-18F 254S TLC plates (Merck).
Subsequently, the TLC plate was dried, the spots were detected on the chromatogram under UV light at 254 nm and R f values were calculated. Antibiotic production was also determined after spraying the TLC plates with diazotised sulphanilic acid (Whistler et al., 2000) . Brown/dark green spots with R f values of~0.9 were considered HPRpositive. The antagonism of these extractions against F. oxysporum was examined using a dual-plate assay (Cazorla et al., 2006) .
To estimate the amount of HPR produced in WT and derivative strains, a fungal inhibition test was developed. To obtain fungal spores, one-third of a 7-day-old PDA plate culture of F. oxysporum f. sp. radicis-lycopersici ZUM2407 was homogenized and inoculated into 1 l Erlenmeyer flasks containing 200 ml PDB. After 3 days growth at 25 uC under aeration, the fungal material was placed onto sterile glass wool, and the filtrate was recovered and adjusted to 10 3 spores ml 21 . Subsequently, 500 ml spore suspension was mixed with 500 ml melted TPG medium to a final concentration of 10 2 spores ml 21 and poured into each well of a 20-well plate. The wells were filled with TPG and spore suspension.
HPR was extracted from WT and derivative strains of each dar and gacS gene cultured for 18-20 h at 25 uC, and serially diluted (0, 1/2, Spaink et al. (1987) pMP-P A pMP220 vector containing the promoter of the darA gene from pGEM-T-P A , using EcoRI and PstI restriction enzymes, Tc r This study pMP-P BC pMP220 vector containing the promoter of the darBC genes from pGEM-T-P BC , using EcoRI and PstI restriction enzymes, Tc r This study pMP-P S pMP220 vector containing the promoter of the darS gene from pGEM-T-P S , using EcoRI and PstI restriction enzymes, Tc r This study pMP-P R pMP220 vector containing the promoter of the darR gene from pGEM-T-P R, using EcoRI and PstI restriction enzymes, Tc r This study Production of HPR detected as presence of a characteristic spot after fractionation of organic extractions on TLC plates (Cazorla et al., 2006) . +, Production; -, no production.
1/4 and 1/8). Approximately 20 ml of each dilution was placed onto sterile paper discs and dried. Subsequently, each paper disc was placed onto the surface of a well containing TPG medium mixed with F. oxysporum spores, followed by incubation for 3 days at 25 uC. Positive inhibition of F. oxysporum was considered when the fungal colonies did not grow or growth ,4 mm in diameter was observed on the surface of the TPG medium. All extractions were performed in triplicate using three independent cultures.
Transcriptional analysis. RNA isolations and cDNA synthesis from the WT and derivative mutant strains DdarS, DdarR and GacS 2 were performed as described above for the RT-PCR experiments after 24 h of growth. Quantitative real-time (qRT)-PCR was performed using a 7300SDS system from Applied Biosystems (Thermo) and a SYBR Green Core kit (Eurogentec) at a final concentration of 3.5 mM MgCl 2 according to the manufacturer's protocol. The qRT-PCR primers used for these experiments are listed in Table S1 and the concentration of the primers was optimized to a 400 nM final concentration. A dissociation curve was performed to assess the specificity of the primers. To correct for small differences in the template concentration, rpoD was used as the housekeeping gene. The cycle in which the SYBR Green fluorescence crossed a manually set cycle threshold (C t ) was used to determine the transcript levels. For each gene, the threshold was fixed based on the exponential segment of the PCR curve. The C t value of darA was corrected for the housekeeping gene rpoD using the formula, DC t 5C t (darA)-C t (rpoD); the same formula was used for the other genes investigated. The relative quantification (RQ) values were calculated using the formula, RQ52
. If there was no difference in the transcript levels between the mutant and WT strain, then RQ51 ( 2 0 ) and log 2 RQ50. The qRT-PCR analysis was performed six times (technical replicates) using three independent RNA isolations (biological replicates) (de Bruijn et al., 2008; de Bruijn & Raaijmakers, 2009 ).
In addition, to confirm the results of the qRT-PCR experiments, bgalactosidase assays were performed as indicated above, using the DdarS and DdarR mutants transformed with the plasmids containing four different active promoters (Table 1) .
Influence of growth conditions in HPR transcription. Once the active promoters were elucidated, the WT strain transformed with pMP-P BC (the promoter of the biosynthetic darBC genes) was used to determine the potential influence of growth conditions on HPR biosynthesis in P. chlororaphis PCL1606-pMP-P BC cultured in M9 minimal medium. M9 medium supplemented with glucose (28 mM) at pH 6.6 and 25 uC was considered as the standard growth condition. The influence of pH (5.6, 6.6 and 7.6), temperature (16, 25 and 31 uC) and NaCl osmolality (7 and 86 mM and 0.17 M) was analysed.
RESULTS
dar genes are organized into four different transcriptional units in P. chlororaphis PCL1606
The intergenic areas located between the different ORFs and the internal regions of the transcript from the dar genes cluster were amplified (Fig. 1a) . Genomic DNA was used as a control, amplified with all the primer pairs (Fig.  1b) . RT-PCR using RNA extracted from WT P. chlororaphis PCL1606 revealed the individual transcription of the darA, darS and darR sequences, and the co-transcription of the darB and darC sequences (Fig. 1c) , indicating that the dar genes were transcribed in four groups, comprising darA, darBC, darS and darR genes.
Bioinformatics analysis of the different dar genes contained in the GenBank accession number JQ663992 sequence confirmed the previously predicted function for all darABC biosynthetic genes. The predicted function for darR was a transcriptional regulator belonging to the AraC/XylS family, and for darS, the results showed homologies to a putative transcriptional regulator containing a Thij/PfpIlike domain, grouped into a large subfamily of AraC/XylS transcriptional regulators. The phylogenetic relationship of P. chlororaphis PCL1606 darS and darR genes with other genes belonging to the AraC/XylS and PfpI family of transcriptional regulators was examined. The resulting phylogenetic tree showed the grouping of darS and darR genes into the AraC/XylS transcriptional regulator family (Fig. 2) .
The analysis of the genomic sequence (GenBank accession number JQ663992) from P. chlororaphis PCL1606 revealed a 12 123 bp chromosomal DNA fragment, comprising five dar genes and a 749 bp non-coding region located upstream of the darA gene (Fig. 3) . The dar cluster comprised a stretch of DNA of~6 kb in size. This sequence was subjected to promoter and transcription factor analysis using the BPROM programme. Four putative promoter regions were predicted upstream of the transcriptional clusters darA, darBC, darS and darR. These promoterassociated regions were designated P A , P BC , P S and P R , respectively (Fig. 3a) . Putative 210 and 235 boxes and SD sequences were identified in each predicted promoter sequence. In addition, in silico analysis revealed three putative transcription factor binding sites associated with rpoD15 (TTTTGTTT), rpoD17 (TTTGTTTT) and rpoD16 (GCTTTTTA), at positions 5899, 5861 and 5862, respectively, in the first predicted promoter sequence (P A ). Additionally, a predicted Rsm interaction site was allocated at position 5760 (Fig. 3b) . Similarly, a putative regulator sequence for lexA (ATATAAAA) was identified at position 5919 (Fig. 3b) . However, no significant features were observed for the P BC sequence after in silico analysis (Fig. 3c) . The in silico sequence analysis of the predicted promoter for darR (P R ) and darS (P S ) showed that both harboured putative transcription factor binding sites for a lux box (Fig.  3d) . Moreover, both promoters shared a single AraC binding site in an overlapping sequence (Fig. 3d) .
The RT-PCR analysis (described above) showed the absence of amplification downstream of each transcriptional sequence (Fig. 1c) . However, only one rho-independent terminator sequence was predicted for P. chlororaphis PCL1606 downstream of the darR ORF (T R ; Fig. S1 ), but no other terminator sequences were predicted through in silico analysis for the transcriptional groups darA, darBC and darS.
To assign functionality to the putative promoters, the transcription start site of each transcriptional group at the 59 ends of the corresponding mRNA was determined using 59 RACE experiments. The transcription start sites for darA, darBC, darS and darR genes were located in the GenBank accession number JQ663992 sequence at positions 5722, 6614, 9465 and 8831, respectively (Fig. 3) . To examine promoter functionality, b-galactosidase activity induced through individual promoters was measured using the WT strain P. chlororaphis PCL1606 grown in TPG medium at 25 u C. The b-galactosidase activity assays showed that all the promoters displayed detectable activity from the first 2-4 h of the assay, with significantly different levels observed between each promoter compared with the empty vector pMP220 cloned into the WT strain (Fig. S2) . The biosynthetic genes increased the b-galactosidase activity, reaching higher values at 10-12 h for pMP-P BC and 8-12 h for pMP-P A (Fig.  S2a) . For promoter regions cloned in pMP-P R and pMP-P S , decreased levels of early expression were observed for pMP-P R and pMP-P S , peaking at 4 h and decreasing until no activity was observed after 8-10 h (Fig. S2b) .
HPR production in dar mutants is reduced compared with the WT strain HPR extractions revealed that this antibiotic was clearly detected by TLC analysis. After 14 h of exponential growth (Fig. 4a) , the HPR spot signal gradually increased until 26-30 h (Fig. 4b) . Antifungal activity was initially detected after 14 h and clearly detected after 16 h; antagonism was still detected after 5 days of growth (data not shown). To further estimate HPR production amongst the WT and derivative mutant strains, HPR extractions were performed at 18-20 h.
The antagonistic antifungal activity of the different derivative mutants was significantly lower than that of the WT strain P. chlororaphis PCL1606 (Fig. 5a ). Derivative mutants defective in HPR production (DdarA, DdarB and GacS 2 ) did not show any antifungal activity against the fungus. The HPR production in the WT strain P. chlororaphis PCL1606 was eightfold higher than that in the derivative mutant strains (DdarA, DdarB and GacS 2 ), fourfold higher than in DdarC, and twofold higher than in the derivative strains DdarS and DdarR, showing clear fungal inhibition (Fig. 5b) .
darS and darR show cross-inhibition at the transcriptional level
In these experiments, the GacS 2 derivative was included as a control, as the mutation of this global regulator altered the production of secondary metabolites and antifungal compounds. After 24 h of growth, the transcript levels of each biosynthetic darABC gene were significantly lower in DdarS, DdarR and GacS 2 backgrounds. In addition, significant differences were observed between each derivative mutant (Fig. 6a) . However, the darS and darR genes showed positive transcript levels when expressed on opposite mutant backgrounds (Fig. 6b) .
To confirm these results, the plasmids pMP-P R and pMP-P S , containing P R and P S sequences, were, respectively, transformed into DdarS and DdarR derivative mutants and the WT background. b-Galactosidase activity was consistently (two to three times) higher in the transformed derivative mutants (DdarS-pMP-P R and DdarR-pMP-P S ) than in the WT background (data not shown).
In vitro growth factors affect HPR production
Once we obtained an insight into the molecular basis of HPR production by the dar genes, we explored other methods of regulation, such as the growth conditions. For this, we performed b-galactosidase experiments using the Table S1 . M, ssRNA ladder.
promoter P BC under different experimental conditions. The promoter P BC was chosen due to slightly higher b-galactosidase activity (Fig. S2) and it did not show predicted regulatory sequences in the promoter area (Fig.  3) . The b-galactosidase activity of the WT strain transformed with the promoter P BC showed no differences at pH 6.6 or 7.6. However, similar bacterial counts were observed at pH 5.6, showing lower b-galactosidase activity (Fig. S3 ). Incubation at 18 u C triggered a slight decrease in the bacterial growth rate compared with other temperatures and b-galactosidase activity was virtually abolished (Fig. S3) . 
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Pseudomonas chlororaphis PCL1606 DarR The effect of osmolality on HPR transcription was assessed using NaCl. Increasing NaCl concentrations resulted in decreased b-galactosidase activity and HPR biosynthesis, and 0.17 M NaCl (10 g l 21 ) completely abolished bgalactosidase activity (Fig. S3) . When using different concentrations of glucose (10, 40 and 100 mM), P BC expression was not affected (data not shown).
DISCUSSION
In this study, we examined the genetic organization of the dar genes, and the role of the darS/darR genes as transcriptional regulators in HPR production. The results of this study demonstrate that these five genes are structured into four independent transcriptional units forming the dar cluster for HPR production in the biocontrol rhizobacterium P. chlororaphis PCL1606. This organization is different from the operon-like organization described for other wellknown antibiotics produced in other biocontrol Pseudomonas spp., such as 2,4-diacetylphloroglucinol, pyrrolnitrin and phenazines (Gross & Loper, 2009; Haas & Défago, 2005) , suggesting substantial differences in the biosynthesis and regulation pathways of these antimicrobials in these bacteria.
Each transcriptional unit contains a functional promoter, revealed through b-galactosidase experiments. In silico analysis suggests the influence of different regulatory aspects in each gene, indicating the complex regulation of the dar cluster in P. chlororaphis PCL1606. Results of in silico analysis predicted no features for the promoter regions of the darB gene. However, the promoter region of the biosynthetic gene darA showed different predicted regulatory sites for interaction, such as for the sigma factor RpoD, involved in gene transcription at different levels during exponential growth (Haas & Keel, 2003) . This result is consistent with that of a previous study concerning the involvement of other antifungal antibiotics, such as pyoluteorin and 2,4-diacetylphloroglucinol, in biological control (Schnider et al., 1995) . In addition, an interaction site for LexA was identified in this promoter region, as similarly reported for phenazine production in P. chlororaphis PCL1391 (Bloemberg & Lugtenberg, 2001 ). Moreover, this result also shows a predicted site for regulation through interactions with Rsm, supporting a crucial role for the two-component GacS/GacA regulatory system (O'Callaghan et al., 2011) . Regulation through this two-component system has been observed for many secondary metabolites, including most well-known antifungal antibiotics (Blumer et al., 1999; Haas & Keel, 2003; Raaijmakers & Mazzola, 2012) .
However, darS and darR showed an overlapping sequence for the main region of both promoters that contains an AraC-like interaction site. This result supports a potential role for regulation via AraC/XylS-like protein. Moreover, two lux boxes, one for each gene upstream of the first codon, also suggest potential regulation through cell-density processes.
Database comparisons confirmed previously predicted functions for the biosynthetic darABC. In addition, darS showed homology to a common transcriptional regulator in Pseudomonas spp., with dimethylglycine dehydrogenase activity, containing a typical PfpI domain from the subfamily of AraC/XylS transcriptional regulators. The darR gene showed high homology to AraC/XylS transcriptional regulators. The phylogenetic tree containing the AraC/XylS and PfpI transcriptional regulator revealed the close grouping of darS and darR, suggesting that both genes belong to the transcriptional regulator family AraC/XylS.
Transcriptional analysis revealed that all the dar genes are under transcriptional regulation through the GacS/GacA two-component regulatory system, as previously described for other antifungal antibiotics (Haas & Keel, 2003) . GacS/ GacA could directly affect the darA translation, as this region is a putative site for Rsm interactions. For the remaining dar genes, interactions could also occur through other as yet unknown intermediates. The darS and darR . Estimation of HPR production using arbitrary units based on fungal inhibition. (a) Multiwell plate analysis for the detection of antagonistic activity against F. oxysporum in HPR extracted from a 24 h culture of P. chlororaphis PCL1606 and the derivative mutants placed on sterile paper discs and deposited into wells containing 500 ml TPG medium with 10 2 F.
oxysporum spores. The HPR extracts, at 0, 1/2, 1/4 and 1/8 dilutions in acetonitrile, were tested independently. +, Fungal inhibition (fungal colonies ,5 mm or did not grow on the surface); -, no inhibition (fungal colony growth covered the surface).
(b) HPR estimation units based on antagonistic activity against the fungus. The data were analysed for significance using an arcsine square root transformation with ANOVA, followed by Fischer's least significant difference test (P50.05). Bars with different letter designations represent statistically significant differences.
genes show cross-effects. The darS gene is a negative transcriptional regulator of darR and darR is a negative transcriptional regulator of darS. This interaction might occur in the predicted AraC site allocated in an overlapping sequence between the promoters P S and P R . A similar interaction between the AraC transcriptional regulator gbdR (homologous to darR) and the dgcAB genes, with dimethylglycine dehydrogenase activity and regulatory traits, has been previously described in many micro-organisms (homologous to darS; Wargo et al., 2008) , indicating the importance of gbdR in the regulation of additional processes (Wargo, 2013) . We recently reported that darR might also be involved in plant root colonization and biocontrol through P. chlororaphis PCL1606 (Calderó n et al., 2014), independent of HPR production (Calderó n et al., 2013) .
The time course of b-galactosidase activity for the four promoters (P A , P BC , P S and P R ; Fig. S2 ) confirmed the functionality of the proposed promoter sequences and revealed that after 4 h of culture, the promoter expression of the regulatory genes (P S and P R ) gradually decreased until no activity was detected from 12 h, whilst the expression of the promoters (P A and P BC ) from biosynthetic genes increased, reaching maximum values at 12 h. These results suggest a complex regulatory network leading to HPR production, involving many other factors, such as cell-dependent regulatory processes or mRNA accumulation from regulatory genes.
However, additional experiments confirmed the positive regulation of darS and darR genes, as had been previously described for many members of the AraC/XylS protein family (Gallegos et al., 1997) . The estimated HPR production revealed that all derivative mutants were affected. The biosynthetic mutant genes DdarA and DdarB and the derivative mutant in gacS showed a complete loss of HPR production. The derivative mutant of the biosynthetic gene darC showed antifungal activity, likely reflecting the function of darC, a carrier of acyl intermediates during fatty acid synthesis (Byers & Gong, 2007) , determined through the complementation of similar proteins inside the cell (Nowak- Thompson et al., 2003) . Moreover, the transcriptional regulators darS and darR reduce HPR production, but only to half of the amount produced in the WT strain. This result supports the role for these genes as positive transcriptional regulators in HPR production.
Furthermore, the analysis of other growth parameters showed the complex pH-and temperature-dependent transcriptional regulation of biosynthetic genes, consistent with the transcription observed for other biosynthetic genes, such as phenazines-1-carboxamide in P. chlororaphis PCL1391 (van Rij et al., 2004) or Pseudomonas fluorescens 2-79 (Slininger & Shea-Wilbur, 1995) . Moreover, dar gene transcription in P. chlororaphis PCL1606 is strongly influenced through osmolarity. Salt stress, in the form of high concentrations of NaCl, strongly reduced the HPR biosynthesis in P. chlororaphis PCL1606. In contrast, high osmolality through high glucose (100 mM) did not inhibit HPR biosynthesis (data not shown), suggesting the integration of a mechanism for salt concentration with the regulation of HPR biosynthesis as previously reported for P. chlororaphis PCL1391 (van Rij et al., 2004) .
Taken together, these data suggest a simple model for the interplay amongst the darS/R genes during HPR production (Fig. 7) , with all dar genes under gacS control, darR and darS showing cross-inhibition to maintain low levels of each gene, as positive regulators of dar biosynthetic genes and the influence of other parameters.
In conclusion, the present study is the first to show the interplay amongst the dar genes in P. chlororaphis PCL1606. The darR and darS genes are positive regulators of the biosynthetic dar genes, and all these genes are under gacS regulation. Moreover, transcription and HPR production are modulated through different growth parameters, such as temperature, pH and salts. Regulation of HPR production
